Swift heavy ion induced changes in microstructure and surface morphology of vapor deposited Fe-Ni based metallic glass thin films have been investigated by using atomic force microscopy, X-ray diffraction and transmission electron microscopy. Ion beam irradiation was carried out at room temperature with 103 MeV Au 9+ beam with fluences ranging from 3 Â 10 11 to 3 Â 10 13 ions/cm 2 . The atomic force microscopy images were subjected to power spectral density analysis and roughness analysis using an image analysis software. Clusters were found in the image of as-deposited samples, which indicates that the film growth is dominated by the island growth mode. As-deposited films were amorphous as evidenced from X-ray diffraction; however, high resolution transmission electron microscopy measurements revealed a short range atomic order in the samples with crystallites of size around 3 nm embedded in an amorphous matrix. X-ray diffraction pattern of the as-deposited films after irradiation does not show any appreciable changes, indicating that the passage of swift heavy ions stabilizes the short range atomic ordering, or even creates further amorphization. The crystallinity of the as-deposited Fe-Ni based films was improved by thermal annealing, and diffraction results indicated that ion beam irradiation on annealed samples results in grain fragmentation. On bombarding annealed films, the surface roughness of the films decreased initially, then, at higher fluences it increased. The observed change in surface morphology of the irradiated films is attributed to the interplay between ion induced sputtering, volume diffusion and surface diffusion.
Introduction
Metallic amorphous alloys are a class of materials that are widely investigated for plausible technological applications; owing to their enhanced structural, magnetic and electrical properties [1] [2] [3] [4] . Most of these outstanding properties can be attributed to their random crystalline structure [3] . These materials can be synthesized by a variety of techniques like physical vapor deposition, solid-state reaction, ion beam irradiation, melt spinning, and mechanical alloying [3, 4] , of which, ion beam irradiation seems to be a promising technique since it can induce a variety of changes in the material ranging from bulk structural to local magnetic properties. During irradiation, swift heavy ions (SHI) passing through a material with velocities comparable to the Bohr velocity of electrons, lose energy mainly by two processes, namely, nuclear energy loss, and electronic energy loss. The former is dominant when the ion energy is in the keV range, and latter is dominant when the ion energy is in the MeV range.
Most of the effects associated with SHI irradiation occur in the electronic energy loss regime. This inelastic scattering assisted energy loss of fast heavy ions creates latent tracks, phase transitions, amorphization, damage creation, annealing effects, dimensional changes, and nanostructures. During irradiation, the surface morphology also evolves resulting from the competition between dynamic roughening; which increases the surface roughness, and smoothening which decreases it. Recently, A. Kanjilal and D. Kanjilal [5] reported surface roughening kinetics of 100 MeV Au beam irradiated Si 1Àx Ge x alloy films for x = 0.5 and 0.7. The irradiation induced surface roughening behavior is demonstrated by studying the variation of surface roughness as a function of fluence. The composition dependent variation of surface morphology with increasing fluence is ascribed to the strain distribution along the sample surface. Thomas et al. [6] reported SHI irradiation induced coercivity changes in Fe-Ni based thin films and the observed changes were correlated with topographical evolution of the films with fluence. Dash et al. [7] carried out quantitative roughness and microstructure analysis of as-deposited and SHI (107 MeV Ag and 58 MeV Ni) irradiated 10 and 20 nm thick Au films using AFM and its power spectral density analysis. They reported an increase in the root mean square (rms) roughness at low fluences and a decrease at higher fluences. The PSD analysis also showed similar variation of low frequency roughness with ion fluence. In the high frequency regime, surface morphology of irradiated samples was found to be governed by a combined effect of evaporation-re-condensation and diffusion dominated processes. Gupta and Avasthi [8] reported sputtering in Au thin films, resulting from energy deposition in the films, owing to inelastic collision of SHI with electron clouds of target atoms. Gupta et al. [9] reported SHI induced surface smoothening, roughening and sputtering of thermally immiscible Fe/Bi bilayer system. The observed behavior of surface smoothing and roughening under SHI irradiation was explained on the basis of the thermal spike model. In general, magnetic properties of thin films are sensitively correlated to the surface roughness and hence it will be worthwhile to probe possible mechanisms by which roughness of thin films can be tailored. Further, rough films can act as templates for the growth of nanostructures using oblique angle deposition [10] . Pre-patterned substrates offer a suitable platform for growth of nanostructures by suitable deposition techniques.
There are also reports that electronic energy transfer to the amorphous alloys can lead to anisotropic growth, which means, shrinkage of alloy ribbons in the direction of the beam and expansion in the direction transverse to it [11] . In thin films, this type of effects can create large stress in the film-substrate interfacial boundaries. The dense random arrangement of atoms in metallic glasses favors amorphous structure due to the increased liquid-solid interfacial energy. Any structural or morphological changes occurring in these materials are of great importance in determining the magnetic properties. Hence, amorphous alloys can serve as ideal templates to investigate these varied effects.
Scanning probe microscopy (SPM) is a versatile technique to probe surface morphology of thin films in the nano range. In case of magnetic thin films, surface morphology from AFM and magnetic morphology from magnetic force microscopy (if there is considerable out-of-plane stray field) can be extracted employing specific tips in SPM. The images can be further subjected to Fourier analysis using image analysis software to obtain PSD, roughness and auto correlation functions.
Most of the available literatures pertaining to the study of material modification by ion beams were based on bulk materials. Work on metallic glass thin films based on iron and nickel is seldom reported [12] [13] [14] [15] [16] . The authors group recently reported 108 MeV Ag 8+ ions induced surface modification of Fe-Ni based metallic glass thin films in the as-deposited state [6] . In the present investigation, we focus on the influence of swift heavy ions on the microstructure and surface morphology of 673 K annealed metallic glass thin films, so as to study the impact of SHI on the crystalline nature of these films. The results are correlated with a view to gain insight into the structural and morphology evolution with SHI irradiation.
Experimental

Thin film preparation
Metglas thin films with nominal thickness of 100 nm were vacuum evaporated using tungsten filaments on chemically and ultrasonically cleaned glass substrates from a composite target having composition Fe 40 Ni 38 B 18 Mo 4 . The chamber pressure before deposition was 1 Â 10 À6 mbar, which increased to 3 Â 10 À5 mbar during deposition. We recently studied the microstructure and magnetic evolution of Fe-Ni based thin films with thermal annealing [12, 14] . From the TEM images it was found that, the microstructure of as-deposited films exhibits a contrast typical of an amorphous material [14] . The bright field TEM images of the films annealed at 473, 573 and 673 K, revealed that the microstructure consisted of nanocrystallites embedded in an amorphous phase. Grain growth was also observed with an increase in the annealing temperature [12, 14] . Based on those results, the as-deposited Fe-Ni based metallic glass films were annealed at 673 K for 1 h. Annealing was performed at 4 Â 10 À5 mbar for minimizing surface oxidation.
Swift heavy ion irradiation
As deposited as well as annealed films were irradiated with 103 MeV Au 9+ ions at the 15 UD Pelletron accelerator at IUAC, New Delhi. The irradiations were performed at 0°angle of incidence with respect to the surface normal. Ion beam was raster scanned on the sample surface by a magnetic scanner for maintaining a uniform ion flux throughout the film. The fluences were varied from 3 Â 10 11 to 3 Â 10 13 ions/cm 2 . The irradiated sample area was 1 cm 2 . The Au ion is chosen due to its higher mass and the energy regime is selected after simulation using SRIM code [17] . For the chosen ion energy of 103 MeV, the lateral straggling is 5.87 lm, longitudinal straggling is 4.62 lm and the penetration depth is 6.98 lm. This value of penetration depth is two orders of magnitude greater than the thickness of the film. The energy of the Au 9+ beams (103 MeV) was selected with a view to avoid the ion implantations in the film with maximum electronic loss of 39 keV/nm and minimum nuclear energy losses within the accelerators maximum energy limit (see Fig. 1 ).
The samples were mounted on a massive copper block using carbon tape. The increase in sample temperature during ion irradiation can be estimated using the Fourier heat conduction equation, j ¼ Àk dT dz . The total heat carried into the system can be taken as the total energy carried by SHI, = /E shi , where / is the ion flux and E shi is the ion energy. In this study, a low ion flux of 6 Â 10 9 cm 2 /s was maintained with energy of 103 MeV per ions. The conductivity of float glass is nearly equal to 1 W m À1 K À1 . However, even if we assume a very low conductivity for the system of film, glass substrate and carbon tape, the Fourier equation predicts a temperature rise of less than 10 K at the film surface [18, 19] . Thus the temperature rise due to ion irradiation is assumed to be small to affect any microstructural changes in the film.
Characterization
The XRD pattern of all samples were recorded using an X-ray diffractometer (Rigaku D-max-C) using Cu Ka radiation (k = 1.54 Å). The average particle size is estimated from measured width of the diffraction curves using DebyeÀScherrer formula,
where b is full width at half maximum (FWHM), D the average grain size and h the diffracting angle. The surface topography of all thin films were analyzed using an AFM (Digital Instruments Nanoscope III). The AFM images were analyzed using surface data analysis software SPIP (Image Metrology A/S, Hørsholm, Denmark) to obtain PSD, roughness and auto correlation functions. TEM measurements were performed in a 200 kV Philips CM 20 FEG TEM.
Results and discussion
3.1. Microstructural evolution with SHI irradiation Fig. 2(a) shows XRD pattern of as-deposited Fe-Ni based metallic glass thin film. The film appears to be amorphous in XRD. In order to have a deeper insight into the microstructure of the asdeposited films, high resolution transmission electron microscopy imaging was performed on this sample. Fig. 3(a) shows a HRTEM image collected for the as-deposited sample. It is clear that a short range atomic ordering prevails in the as-deposited samples with crystallites of size around 3 nm embedded in an amorphous matrix. Electron diffraction pattern ( Fig. 3(b) ) showed diffraction rings corresponding to inter-planar distance d = 0.254, 0.207 and 0.146 nm, of which, d = 0.207 nm can be attributed to (1 1 1) of fcc Fe-Ni. The XRD pattern of Fe-Ni based metallic glass thin film annealed at 673 K is shown in Fig. 2(b) . In contrast to the diffraction patterns of the as-deposited thin films, the annealed films clearly indicate improved crystallinity with thermal treatment. From TEM images ( Fig. 3(c) ), it is clear that the grain growth has occurred on thermal annealing at 673 K. Diffraction pattern ( Fig. 3(d) ), depicts rings corresponding to d = 0.254, 0.207, 0.180, 0.170, 0.152 and 0.127 nm, of which, d = 0.207, 0.180 and 0.127 nm can be attributed to the (1 1 1), (0 0 2) and (0 2 2) of fcc Fe-Ni, respectively. Further experiments are necessary to identify the origin of diffraction ring corresponding to d = 0.254, 0.170, 0.146 and 0.152 nm.
SHI irradiation on as-deposited films with fluences ranging from 3 Â 10 11 to 3 Â 10 13 ions/cm 2 did not produce any observable changes in the XRD pattern (results not shown). The absence of any observable changes in the XRD pattern with irradiation can be attributed to the fact that the as-deposited films were already in a nanocrystalline state possessing a short range atomic order and the electronic energy loss of swift heavy ions in the material is stabilizing this short range order.
SHI irradiation on thermally annealed films with fluences ranging from 3 Â 10 11 to 3 Â 10 13 ions/cm 2 resulted in progressive line broadening of the XRD peak indicating fragmentation of crystallites with ion beam irradiation. The 673 K annealed sample already contains crystallites formed by nucleation and growth due to thermal treatments. Irradiation of these films with higher fluences of SHI leads to size reduction of grains with multiple ion impacts and hence broadening of the peaks were observed ( Fig. 1(c-e) ). For an approximate estimate of the grain size, the full width at half maximum of the XRD peak was determined from a Gaussian fit.
The 673 K annealed sample shows crystalline peak of Fe-Ni and the average crystallite size was estimated to be 28 ± 3.6 nm. On irradiation of the sample with SHI at a fluence of 3 Â 10 11 ions/ cm 2 , the crystallite size reduces to 21 ± 2.7 nm. The film irradiated at a fluence of 3 Â 10 12 ions/cm 2 showed crystallites with size 15 ± 1.9 nm and at a higher fluence of 3 Â 10 13 ions/cm 2 , the particle size further reduced to 6 ± 0.77 nm. The reduction in crystallite size as a result of SHI irradiation can be attributed to the strain induced fragmentation of crystallites. So far, thermal spike [20, 21] and Coulomb explosion models [22] [23] [24] have been successively used to describe the strain in the crystallites due to swift heavy ions. According to thermal spike model, the energy is deposited by the projectile ions in the electronic sub-system of the material. This energy is shared among the electrons by electron-electron coupling and is transferred subsequently to the lattice atoms via electron-lattice interactions. This results in a large increase in the temperature along and in the vicinity of the ion path. Because of the temperature spike, pressure waves will develop and causes strain in the crystallites. On the other hand, according to the Coulomb explosion model, a highly ionized zone of charged particles is created along the ion path. The ionization zone with positive charges may explode under electrostatic force and induces strain in the material. This strain may lead to the fragmentation of crystallites.
However, in addition to the crystallite size reduction, a partial contribution of the atom dislocations to the XRD line broadening also cannot be ruled out. Fig. 4(a) shows AFM image of a Fe-Ni based metallic glass thin film annealed at 673 K. Lateral structures of sizes around 30 nm can be observed. From the AFM images shown in Fig. 4(b-d) , it is clear that irradiation of these annealed films, with 103 MeV Au 9+ ions, changes the surface morphology, first at 3 Â 10 11 ions/cm 2 , smoothing of the mesoscopic hill-like structures take palce, and then, at 3 Â 10 12 ions/cm 2 , new surface structures are created, and at still higher doses of 3 Â 10 13 ions/cm 2 , an increase in the surface roughness is observed.
Surface evolution with ion beam irradiation
The evolution of surface roughness of the annealed films, irradiated at various fluences is shown in Fig. 5 . The average roughness (Sa) of the 673 K annealed films is 27.05 nm and root mean square roughness (Sq) is 35.51 nm. However, on SHI irradiation roughness of the films reduces to value 19.75 and 24.49 nm (Sa, Sq) at fluences 3 Â 10 11 ions/cm 2 and 15.74, 20.85 nm (Sa, Sq) at 3 Â 10 12 ions/cm 2 and thereafter monotonically increases to 27.16 and 34.01 nm (Sa, Sq). The rapid initial decrease in surface roughness with ion fluence indicates that a surface smoothening process is taking place in the sample for the initial fluences. Plausible origins of this surface smoothening can be irradiation induced viscous flow, volume diffusion, or surface diffusion. Mayr and Averback [25] also observed surface smoothing in ion irradiated films. They identified smoothening process using stochastic rate equations for the evolution of the surface in Fourier space. In their example, they attributed the smoothing predominantly to irradiation-induced viscous flow. Goswami and Dev [26] observed a surface smoothening in silicon surfaces irradiated by a 2-MeV Si + ion beam. They explained the origin of irradiation induced surface smoothening as follows. The collision cascade as a result of ion-solid interaction can enable target atoms to acquire a kinetic energy enough to escape from the solid surface (sputtering). However, if the energy (component normal to surface) of the displaced atoms is smaller than the surface binding energy, the atoms may reach the surface but cannot leave the surface. They can, however, drift parallel to the surface. Surface smoothening originates because of those atoms, which are ejected from the surface with too low energy to escape the energy barrier, but can translate parallel to the surface.
In order to have a deeper understanding on the initial surface smoothening mechanism with ion beam irradiation, power spectral density was obtained from the AFM images. The power spectral density of the films is shown in Fig. 6 .
From the log-log plot of PSD spectrum two different regions are visible. The low spatial frequency region (region I) corresponds to the uncorrelated white noise and the high frequency region (region II) represents correlated surface features. The PSD curves of the un-irradiated and irradiated films extracted from the AFM images essentially present the same characteristic features consisting of a gradient in the high spatial frequency region and a low frequency region separated by a small cross over region. The slope of the high frequency region of the PSD curves is intimately connected to the kinetics of surface evolution and hence can suggest the predominant mechanism responsible for the surface evolution of thin films with SHI. The variation in the slope of the high frequency region of the PSD curve is shown in Fig. 7 .
It is clear that the slope, d, gradually increases up to 3 Â 10 12 ions/cm 2 and thereafter the change in slope is relatively small. Earlier works by Herring and Mullins [27] [28] [29] established d values of 1, 2, 3, and 4 to four different surface transport mechanisms, i.e., plastic flow driven by surface tension, evaporation and recondensation of particles, volume diffusion, and surface diffusion, respectively. It is to be noted that, the evolution of surface morphology of solids during ion beam irradiation is governed by the interplay between the dynamics of surface roughening that occurs during sputtering and smoothening induced by the material transport. From Fig. 7 and comparing d values with that suggested in the previous works, it is evident that as the irradiation fluence increases, the dominant material transport mechanism changes from volume diffusion to evaporation-condensation. This also explains the increased surface roughness at higher irradiation fluence. Surface roughening is assumed to be because of the evaporation of atoms from a hot surface heated by an inelastic thermal spike. The results indicate that at higher fluence 3 Â 10 13 ions/cm 2 , the surface evaporation mechanism (sputtering) results in an increase in surface roughness and this is in line with our previous observations in 108 MeV Ag 8+ ion irradiated, asdeposited Fe-Ni based thin films [6] .
From the combined XRD and AFM investigations it is seen that SHI is effective in surface modification of Fe-Ni based metallic glass thin films. However, further experiments are necessary to optimize these effects for specific applications.
Conclusions
Fe-Ni based metallic glass thin films were prepared by thermal evaporation. The films were annealed at 673 K and show more crystallinity than the as-deposited films. The as-deposited and annealed films were subjected to SHI irradiation at various fluences and their structural and morphological properties were investigated. The absence of any observable changes in the XRD of asdeposited films with ion beam irradiation can be attributed to the fact that the as-deposited films were already with a short range atomic order and the ion irradiation is stabilizing this short range order. For samples annealed at 673 K, upon irradiation, a significant reduction in grain size with ion fluence is observed. The grain fragmentation during ion beam irradiation is attributed to the strain transferred to the crystallites by the electronic energy loss. The irradiation of the sample rapidly changes the surface topography, first at 3 Â 10 11 ions/cm 2 smoothing of the mesoscopic hilllike structures, and then at 3 Â 10 12 ions/cm 2 , creation of surface structures and at still higher doses of 3 Â 10 13 ions/cm 2 an increase in the roughness is observed. Volume diffusion was identified as the prominent surface smoothening mechanism at lower ion fluences and at higher fluences surface roughening was observed. Further investigations regarding the interplay between surface morphology and magnetic properties in these thin films are going on and there exists ample scope for probing the evolution of magnetic properties with surface morphology in the case of magnetic films.
